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Abstract 

Background: The cell-surface protein CD38 mediates airway smooth muscle (ASM) contractility by generating cyclic 
ADP-ribose, a calcium-mobilizing molecule. In human ASM cells, TNF-a augments CD38 expression transcriptionally 
by NF-kB and AP-1 activation and involving MAPK and PI3K signaling. CD38~ X ~ mice develop attenuated airway 
hyperresponsiveness following allergen or cytokine challenge. The post-transcriptional regulation of CD38 
expression in ASM is relatively less understood. In ASM, microRNAs (miRNAs) regulate inflammation, contractility, 
and hyperproliferation. The 3' Untranslated Region (3'UTR) of CD38 has multiple miRNA binding sites, including a 
site for miR-708. MiR-708 is known to regulate PI3K/AKT signaling and hyperproliferation of other cell types. We 
investigated miR-708 expression, its regulation of CD38 expression and the underlying mechanisms involved in such 
regulation in human ASM cells. 

Methods: Growth-arrested human ASM cells from asthmatic and non-asthmatic donors were used. MiRNA and mRNA 
expression were measured by quantitative real-time PCR. CD38 enzymatic activity was measured by a reverse cyclase 
assay. Total and phosphorylated MAPKs and PI3K/AKT as well as enzymes that regulate their activation were determined 
by Western blot analysis of cell lysates following miRNA transfection and TNF-a stimulation. Dual luciferase reporter 
assays were performed to determine whether miR-708 binds directly to CD38 3'UTR to alter gene expression. 

Results: Using target prediction algorithms, we identified several miRNAs with potential CD38 3'UTR target sites and 
determined miR-708 as a potential candidate for regulation of CD38 expression based on its expression and regulation 
by TNF-a. TNF-a caused a decrease in miR-708 expression in cells from non-asthmatics while it increased its expression 
in cells from asthmatics. Dual luciferase reporter assays in NIH-3 T3 cells revealed regulation of expression by direct 
binding of miR-708 to CD38 3'UTR. In ASM cells, miR-708 decreased CD38 expression by decreasing phosphorylation of 
JNK MAPK and AKT. These effects were associated with increased expression of MKP-1, a MAP kinase phosphatase and 
PTEN, a phosphatase that terminates PI3 kinase signaling. 

Conclusions: In human ASM cells, TNF-a-induced CD38 expression is regulated by miR-708 directly binding to 3'UTR 
and indirectly by regulating JNK MAPK and PI3K/AKT signaling and has the potential to control airway inflammation, 
ASM contractility and proliferation. 
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Background 

The cell-surface protein CD38 mediates calcium signaling 
in airway smooth muscle (ASM) and innate immune re- 
sponses [1]. ADP-ribosyl cyclase activity of CD38 converts 
p-nicotinamide adenine dinucleotide (p-NAD) to cyclic ad- 
enosine diphosphoribose (cADPR) and adenosine dipho- 
sphoribose (ADPR) [2]. In previous investigations in ASM, 
we showed that cADPR mediates calcium release from the 
sarcoplasmic reticulum and promotes contractility [3,4]. 
Furthermore, CD38~ / ~ mice exhibit attenuated methacho- 
line responsiveness and airway hyperresponsiveness (AHR) 
following allergen sensitization and challenge as well as 
after intranasal IL-13 challenge [5-7]. ASM cells obtained 
from CD38~ / ~ mice exhibit attenuated intracellular calcium 
responses to contractile agonists relative to cells obtained 
from wild-type mice [6]. These observations indicate a 
prominent role of CD38 in AHR, a cardinal feature of 
asthma in humans. 

The transcriptional regulation of CD38 in ASM involves 
the transcription factors NF-kB and AP-1 and signal 
transduction mechanisms involving activation of MAP ki- 
nases and PI3 kinase [8,9]. CD38 is ubiquitously expressed 
in many cell types in addition to ASM cells and its expres- 
sion is augmented by inflammatory and Th2 cytokines 
[4,10-16]. While the transcriptional regulation of CD38 
expression has been thoroughly investigated in mamma- 
lian cells, there is paucity of information regarding post- 
transcriptional regulation of its expression. In this regard, 
we recently reported evidence for such regulation involv- 
ing the microRNA (miRNA) miR-140-3p [17]. In human 
ASM cells, human recombinant TNF-a-(rZz-TNF-a) -in- 
duced CD38 expression is attenuated by miR-140-3p 
through both direct binding to the 3' Untranslated Region 
(3'UTR) of CD38 as well as indirect mechanisms involving 
activation of p38 MAP kinase and the transcription factor 
NF-kB. CD38 3'UTR is -48 lb long and has multiple 
miRNA binding sites, including a site for miR-708. Prior 
studies have revealed a prominent regulatory role of miR- 
708 in the expression of phosphatase and tensin homolog 
(PTEN), which in turn regulates PI3 kinase signaling 
through activation of AKT [18]. In other cell types, PI3 
kinase/AKT signaling regulates expression of target genes 
by activating the proinflammatory transcription factor 
NF-kB [19]. An effect of miR-708 on PTEN expression is 
expected to profoundly affect cytokine-induced CD38 ex- 
pression in ASM cells by modulating PI3 kinase signaling. 
In ASM cells obtained from asthmatics, r/z-TNF-a induces 
significantly greater CD38 expression compared to its ex- 
pression in cells from non-asthmatics [20]. In this study, 
we investigated the expression of miR-708, its potential 
additive role with miR-140-3p in the regulation of CD38 
expression and the underlying mechanisms involved in 
such regulation in human ASM cells. We also examined 
miR-708 expression and its effects on CD38 expression in 



ASM cells obtained from asthmatics to determine whether 
the augmented cytokine-mediated CD38 expression stems 
from altered regulation through miR-708. 

Methods 

Reagents 

DMEM was from GIBCO-BRL (Grand Island, NY); rh- 
TNF-a was from R&D Systems (Minneapolis, MN); 
TRIzol, Superscript III reverse transcriptase, NCode 
miRNA first-strand synthesis kit, Platinum SYBR Green 
quantitative PCR (qPCR) mix, Opti-MEM® reduced 
serum medium and Lipofectamine® RNAiMax transfection 
reagent were from Invitrogen Life Technologies (Carlsbad, 
CA); Brilliant 111 Ultra-Fast SYBR Green q-PCR Master 
Mix from Agilent Technologies, Inc (Santa Clara CA); 
Fugene HD transfection reagent was from Roche Diagnos- 
tics (Indianapolis, IN); QuikChange Lightning Multi Site- 
Directed mutagenesis kit was from Agilent Technologies, 
Inc (Santa Clara, CA); control oligo (scrambled sequence 
mimic), miR-708 mimic (mature miR-708 sequence: 5'- 
AAGGAGCUUACAAUCUAGCUGGG-3'), and antago- 
mir oligonucleotides were from Dharmacon (Lafayette, 
CO); Dual Luciferase Reporter Assay System was from 
Promega (San Luis Obispo, CA); NIH-3 T3 cells were 
from ATCC (#CRL-1658, Manassas, VA); chemilumines- 
cent substrate for horseradish peroxidase (HRP) was from 
Millipore (Billerica, MA); rabbit primary antibodies 
against major MAPK family, PTEN, AKT2, AKT and p- 
actin as well as anti-rabbit secondary antibody were from 
Cell Signaling Technology (Danvers, MA); mouse primary 
antibodies for MKP-1, a-actin and goat-anti mouse anti- 
bodies were from Santa Cruz Biotechnology (Dallas, TX). 
Tris-base, glucose, HEPES and other chemicals were from 
Sigma Chemical Co. (St. Louis, MO) unless otherwise 
mentioned. 

Culture and transfection of HASM cells 

Isolation, culture and maintenance of HASM cells was 
carried out as described in our previous publications 
[4,17,21]. Briefly, HASM cells obtained from unidentified 
healthy donors or from fatal asthmatics were maintained 
in culture and used until the smooth muscle phenotype is 
sustained (2-5 passages). DMEM supplemented with 10% 
FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 
0.25 g/ml amphotericin B was used to grow the HASM 
cells up to 80% confluency. Rh-TNF-a (10 ng/ml) was 
used to induce the expression of CD38 in HASM cells 
while control cells were treated with 0.1% BSA in PBS. 
Since human cells used in this study were obtained from 
unidentified donors, it is considered Exempt under Na- 
tional Institutes of Health guidelines. Drs. Panettieri and 
Kannan have Institutional Review Board approval for the 
use of these cells in the study. 
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Transient transfection of primary HASM cells with 
miR-708 mimic, antagomir or scrambled sequence 
mimic at 10-100 nM was carried out in the presence 
of Lipofectamine® RNAiMax transfection reagent. 
Reduced serum Opti-MEM® medium was used as a base 
to prepare the transfection complex containing Lipo- 
fectamine and the oligonucleotides. After 20 min of 
incubation at room temperature the transfection com- 
plex was gently dropped on to the cell suspension 
(1.5-2.0 x 10 5 cells/well in 24 well plates or 2.5-3.0 x 
10 5 cells/well in 6 well plates) which was seeded few 
minutes (<3 min) prior to the addition of transfection 
complex. Transfected cells were incubated at 37°C for 
24 h, growth arrested for 24 h, exposed to r/z-TNF-a 
for another 24 h before isolation of total RNA or 
total protein. 

Total RNA isolation 

PureLink and m/rVana RNA isolation kits (Ambion Life 
Technologies, Carlsbad, CA) were used to isolate total 
large RNA and small RNA, respectively, according to 
the manufacturers instruction. 

cDNA synthesis and quantitative q-PCR 

NCode™ miRNA First-Strand-cDNA synthesis kit was 
used to synthesize cDNA followed by q-PCR for miRNAs 
using the Platinum q-PCR Kit according to the manufac- 
turers instruction. Briefly, expression of miR-708 at con- 
stitutive levels and after induction with r/z-TNF-a was 
measured by q-PCR after poly-adenylation. Whole miR- 
708 sequence was employed as a specific forward primer 
and universal q-PCR primer was used as a reverse primer. 
Mammalian small nuclear RNA U6, a spliceosomal RNA, 
served as a control housekeeping gene. To measure 
changes in the expression of CD38 [8,20] and JNK at 
transcript levels (following miR-708 mimic or scrambled 
sequence mimic transfection), q-PCR was performed 
using Brilliant SYBR Green Master Mix. Primers for JNK 
were selected using Primer-BLAST (http://www.ncbi.nlm. 
nih.gov/tools/primer-blast/) and performed in the Strata- 
gene Mx3000p q-PCR system, under the following condi- 
tions: 1 cycle of 95°C for 5-min segment, 40 cycles of 95°C 
for 30 s, 59°C for 30 s, 72°C for 45 s, and a final 1 cycle of 
95°C for 1 min, 59°C for 30s and 95°C for 30s (JNK forward 
primer ^-CACCACCAAAGATCCCTGACA-S'; JNK re- 
verse primer 5'-CTGTGCTAAAGGAGAGGGCT-3'). Ex- 
pression level of cyclophilin was used to normalize the 
expressions of CD38 and JNK 

mRNA stability 

HASM cells were transfected with miR-708 mimic or 
scrambled sequence mimic. After 24 h, transfection 
medium was replaced with growth- arrest medium for 24 h. 
Cells were then exposed to r/z-TNF-a for 12 h in fresh 



growth arrest medium which was replaced with fresh 
growth arrest medium containing actinomycin D (5 (ig/ml) 
to inhibit transcription. At different time points (0, 6, 12 
and 24 h), cells were collected for isolation of total RNA to 
evaluate the rate of decay of CD38 transcript by q-PCR. 

Western blot 

Twenty four hours after transfection of ASM cells with 
miRNA, cell growth was arrested for 24 h (with serum- 
free media containing transferrin and insulin) followed by 
treatment with r/z-TNF-a for an additional 24 h. Cells 
were collected in the lysis buffer (50 mM Tris, 100 mM 
NaCl, 50 mM NaF, 40 mM |3-glycerol phosphate, 2 mM 
EDTA, 0.2 mM Na 3 V0 4 , 1% Triton X-100, and protease 
inhibitor cocktail, pH 7.4), lysed by sonication and total 
protein concentration in the lysates estimated by Bradford 
assay (Bio-Rad Laboratories, Inc, Hercules, CA). Equal 
amounts of total protein (5-15 ug) were separated by 
SDS-PAGE (4-20% gradient gels), transferred onto a 
PVDF membrane and blocked overnight in 5% skim milk 
in PBS containing 0.05% Tween 20 (PBST) at 4°C. Incuba- 
tion of membranes with primary antibodies was carried 
out in 1% skim milk in PBST at 4°C overnight. After three 
5-minute washes with PBST, membranes were incubated 
with HRP-conjugated secondary antibodies in 1% milk for 
1 h at room temperature. Primary rabbit antibodies 
against all major MAPKs, p-actin, PTEN, Pan AKT and 
AKT2 were used at a dilution of 1:1000 except antibodies 
to detect p38 and phospho-p38 which were used at a dilu- 
tion of 1:500. Primary mouse antibodies (smooth muscle- 
specific a-actin and MKP-1) were used at a dilution of 
1:700. Anti-rabbit secondary antibodies were used at a di- 
lution of 1:5000, while goat anti-mouse secondary anti- 
bodies were used at a dilution of 1:4000. To determine the 
activation of MAPKs and AKT following miR-708 trans- 
fection, cells were collected at 20 min or 2 h respectively 
after treatment with r/z-TNF-a and lysed. After electro- 
phoresis, same membranes were probed for phosphory- 
lated and total protein expression, stripping membranes 
(Restore Plus Western Blot Stripping Buffer [Thermo 
Fisher Scientific Co., Pittsburgh], 30 min) between blots. 
Intensity of protein bands was measured using ImageJ 
image analysis software [22] and the level of expression of 
phosphorylated protein relative to total protein was con- 
sidered as a measure of activation. In the case of MKP-1, 
PTEN and total MAP kinase protein expression, cells 
were collected 24 h after stimulation with r/z-TNF-a and 
changes in expression level relative to loading control 
(smooth muscle specific a-actin or (3- actin) were 
measured. 

Reverse ADP-ribosyl cyclase assay 

The enzymatic function of CD38 was quantified by reverse 
cyclase assay as described in our earlier publication [20]. 
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Briefly, equal amount of (5 -15 \ig) total proteins in hu- 
man ASM (HASM) cell lysates were incubated at 37°C 
for 1 h with cADPR (0.45 mM) in the presence or ab- 
sence of nicotinamide (10 mM). The enzymatic reac- 
tion was terminated by adding 25 \A of 1 M HC1, and 
contents were vacuum filtered (0.45 |im, Immobilon, 
Millipore), neutralized (15 [A of 2 M Tris-base), and in- 
cubated at room temperature with a mixture of the 
following reagents: rezasurin (2 |iM), ethanol, flavin 
mononucleotide (4 |iM), alcohol dehydrogenase (40 \ig/ 
ml) and diaphorase (0.04 U/ml) in phosphate buffer 
(Na 2 HP0 4 /NaH 2 P0 4 ). FLUO star Galaxy fluorometer 
was used to quantify the rate of fluorescence emitted at 
590 nm which is proportionate to the amount of NAD 
generated by the CD38 present in 5-15 \ig of total 
protein. 

Mutation of miR-708 target site and dual luciferase 
reporter assay 

Location of miR-708 target site at the 3'UTR of CD38 
transcript is 21 bases away from the stop codon. Mutation 
of four bases (ctCgCCg) at the target site (AGCTCCT) 
specific for miR-708 was achieved using the QuikChange 
Lightning Multi Site-Directed mutagenesis kit. The primer 
sequence designed for the mutation consists of target 
sequence and 14 bases flanking the target sequence (5'- 
GCTGTGGTTGTTTTCrCGCCGTGACTCCTTGTGG- 
T-3'). XL10-GOLD Ultra competent E. coli was used to 
expand the wild-type and mutant plasmids. NIH-3 T3 
cells seeded in 24 well plates (1.5-2.0 x 10 5 cells/well) 
were co-transfected with miR-708 mimic or scrambled 
sequence mimic (50 nM), wild-type (or mutated) firefly 
Luc-CD38-3'UTR-reporter plasmid (200 ng/well) and 
Renilla luciferase plasmid (control) (30 ng/well), in cul- 
ture medium (Opti-MEM® reduced serum medium; 
100 (il), facilitated by Fugene HD transfection reagent 
(1 ul/well). After 24 h, cells were collected in lysis buf- 
fer and luciferase activity in triplicate samples for each 
condition was measured with a luminometer according 
to the manufacturers recommendation (Synergy 2 mi- 
croplate reader, BioTek, Winooski, VT). Renilla lucifer- 
ase activity was used to normalize the firefly luciferase 
activity. 

Statistical analysis 

HASM cells obtained from 3-8 different donors were 
used. Values represent means ± SEM. Data were ana- 
lyzed for statistical significance by Students £-test or 
one-way ANOVA (depending on the number of 
experimental groups analyzed) using GraphPad Prism 
6 Software. Differences were considered significant at 
p < 0.05. 



Results 

Differential expression of miR-708 in HASM cells 

In order to investigate the potential regulation of CD38 
expression by multiple miRNAs, we first analyzed the 
CD38 3'UTR for miRNA binding sites using target predic- 
tion algorithms. MiRNAs miR-1272, miR-548, miR-208a, 
miR-1298, miR-708 and miR140-3p were predicted to 
bind to the CD38 3'UTR with high context score. Expres- 
sion levels of these miRNAs in HASM cells were evalu- 
ated by q-PCR. As co-expression of miRNA(s) along with 
its target gene transcript is required for regulation, using a 
cycle threshold (ct) cut-off, miRNAs with ct values above 
34 in HASM cells were filtered out (Figure 1A). Other 
miRNAs (miR-708 and miR140-3p) which showed ct 
values ranging from 20-30 (Figure 1A) were selected for 
further studies. 

To evaluate the expression of miR-708 in HASM cells 
obtained from non-asthmatic and asthmatic donors in 
the presence of r/z-TNF-a, q-PCR was performed. In 
non-asthmatic HASM (NA-HASM) cells, r/z-TNF-a 
caused a significant (p < 0.0001) reduction in the expres- 
sion of miR-708 (Figure IB) compared to expression in 
unstimulated (vehicle-treated) cells. In contrast, r/z-TNF- 
a exposure significantly increased the expression of 
miR-708 (p = 0.0098) in asthmatic-HASM (AS-HASM) 
cells (Figure 1C). Further, expression of miR-708 in AS- 
HASM cells was found to be higher in vehicle treated 
(~2-fold) and r/z-TNF-a treated (> 10-fold) cells when 
compared to NA-HASM cells (Figure ID). 

miR-708 inhibits CD38 expression and its enzymatic 
activity in HASM cells 

To examine whether miR-708 alters the expression level 
of CD38, NA-HASM cells were transiently transfected 
with different concentrations of miR-708 mimic. Over- 
expression of miR-708 mimic at 50 nM and 100 nM con- 
centrations significantly decreased CD38 transcript level 
(Figure 2A). This finding was further confirmed in AS- 
HASM where miR-708 mimic at 50 nM significantly 
inhibited CD38 transcript level relative to the scrambled 
sequence mimic (Figure 2B). Further, transfection of AS- 
HASM cells and NA-HASM cells with miR-708 at a 
concentration of 50 nM decreased the enzymatic activ- 
ity of CD38 measured by ADP-ribosyl cyclase assay 
(Figure 2C). To establish the specificity of the inhibi- 
tory effect of endogenous miR-708 on CD38 expres- 
sion, NA-HASM cells were transfected with miR-708 
mimic, scrambled sequence mimic or the antagomir of 
miR-708 mimic. 7?/z-TNF-a-induced CD38 expression 
following miR-708-antagomir transfection was similar 
to the expression in cells transfected with scrambled 
sequence mimic (Figure 2D). 

Our previous studies have identified a role for miR- 
140-3p in the regulation of cytokine-induced CD38 gene 
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Figure 1 Expression of miR-708 in r/7-TNF-a-treated ASM cells. A: Analysis of miRNAs that are predicted to target CD38 by q-PCR. Expression 
levels of these miRNAs in HASM cells with and without TNF-a treatment were normalized with small nuclear RNA U6. miRNAs with ct values above and 
below 34 in HASM cells are indicated by the horizontal line (n = 3-4 donors). B and C: miR-708 expression in HASM cells from non-asthmatics (NA-HASM) 
and asthmatics (AS-HASM), respectively. fth-TNF-a caused a significant reduction in miR-708 expression in growth-arrested NA-HASM cells compared with 
cells treated with vehicle (n = 8 donors), while it caused a significant increase in its expression in AS-HASM cells (n = 6 donors). D: miR-708 expression in 
AS-HASM cells is higher than in NA-HASM cells both under vehicle and TNF-a-treated conditions (3-5 donors/group). Values are shown as mean ± SEM. 
C-vehicle-treated cells (0.1% BSA);T- r/i-TNF-a (10 ng/ml) treated cells. 



expression and enzyme activity independent of miR-708 
[17]. Since the target sites of these miRNAs are closely 
situated in the 3'UTR of CD38 transcript (see Figure 3A), 
we examined whether transfection of HASM cells with 
both miR-140-3p and miR-708 would amplify the inhibi- 
tory effect on enzymatic activity of CD38. Co-transfection 
of HASM cell with miR-140-3p and miR-708 at 50 nM 
and 100 nM (equimolar concentrations) significantly inhib- 
ited CD38 enzymatic activity relative to cells transfected 
with scrambled sequence mimic. However there was no 
evidence of an additive effect (Figure 4). 

MiR-708 directly binds to 3'UTR of CD38 

MiRNAs can inhibit gene expression directly by binding 
to the target gene at the 3'UTR or indirectly by inhibiting 
multiple components in the signaling pathway [23,24]. We 
first examined whether miR-708 regulates the expression 
of CD38 by directly binding to its 3'UTR by performing 
dual luciferase reporter assays in a heterologous cell 
system (NIH-3 T3 cells). Four bases in the target sequence 
on the CD38 3'UTR were mutated to establish specificity 
of miR-708 target binding (Figure 3A). A significant 
reduction in relative luciferase activity was noted when 
miR-708 mimic and reporter plasmid were co-transfected 
compared to co-transfection with a scrambled sequence 



mimic (Figure 3B). Mutation of four bases in the target se- 
quence on the CD38 3'UTR reversed the inhibitory effect 
of miR-708 on luciferase activity confirming the specificity 
of its target binding at the 3'UTR of CD38 (Figure 3C). To 
examine whether this binding leads to mRNA degradation, 
CD38 mRNA stability was measured in HASM cells trans- 
fected with miR-708 mimic or scrambled sequence mimic 
and exposed to r/z-TNF-a followed by actinomycin D for 
transcriptional arrest. For analysis of mRNA stability, 
the amount of CD38 mRNA remaining at each time 
point up to 24 h relative to 0 h was determined by 
q-PCR using the 2" AACt calculation method and plot- 
ting against time. Nonlinear regression analysis of 
biological replicate samples was fitted using one- 
phase decay kinetics (GraphPad Prism 6). In NA- and 
AS -ASM cells transfected with miR-708 mimic or the 
scrambled sequence mimic, there was comparable 
decay in CD38 mRNA content, with half-life ranging 
from 16-32 h (Figure 3D). 

Transcriptional regulation of CD38 expression by miR-708 

In prior studies, we reported that cytokine-induced 
changes in CD38 expression in HASM cells involve acti- 
vation of MAP kinases and PI3 kinases. Among the 
MAP kinases, p38 and JNK MAP kinases were found to 
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Figure 2 MiR-708 inhibits CD38 expression in HASM cells. A: NA-HASM cells were transfected with different concentrations of miR-708 mimic 
(mimic) or scrambled sequence mimic (scr), followed by exposure to 10 ng/ml r/i-TNF-a. CD38 transcript levels were measured by q-PCR. Results are 
shown as % CD38 mRNA relative to scrambled sequence mimic (scr) transfection. Significant inhibition of CD38 expression was observed following 
transfection of miR-708 mimic at concentrations > 50 nM (n = 3-5 donors). B: CD38 transcript levels following transfection with miR-708 mimic (50 nM) 
or scrambled sequence mimic in AS-HASM cells. Note significant attenuation of CD38 expression by miR-708 mimic transfection (n = 3 donors); 
C: ADP-ribosyl cyclase activity in AS-HASM (AS) and NA-HASM (NA) cells following transfection with miR-708 mimic or scrambled sequence mimic and 
exposure to r/i-TNF-a (MT and ST, respectively, (n = 3 donors). Note significant attenuation of enzyme activity in cells from AS and NA after transfection 
with miR-708 mimic. D: CD38 transcript levels in NA-HASM cells following transfection with miR-708 mimic (50 nM), scrambled sequence mimic or 
antagomir for the miRNA (ant-mir) (n = 3 donors). Note the lack of inhibition of CD38 expression in cells transfected with ant-mir. Data 
represents mean ± SEM. 



regulate expression transcriptionally while ERK MAP 
kinase was involved in regulation post-transcriptionally 
through transcript stability [8]. In this study, we examined 
the effect of miR-708 transfection following TNF-a expos- 
ure (20 min) on levels of total MAP kinase protein as well 
as phosphorylated (activated) protein in order to deter- 
mine whether decreased MAP kinase activation is an 
underlying mechanism in the regulation of CD38 expres- 
sion. Cells were transfected with miR-708 mimic or its 
scrambled sequence mimic, exposed to r/z-TNF-a for 24 h 
and expression levels of the MAP kinases determined by 
Western blot analysis of cell lysates. Transfection of 
HASM cells with miR-708 mimic had little effect on levels 
of phosphorylated or total ERK and p38 (Figure 5). A sig- 
nificant reduction, however, was noted in the level of 
phosphorylated JNK MAP kinase in growth-arrested, 



TNF-a exposed (20 min) cells following miR-708 transfec- 
tion (Figure 6A). Further, although total JNK MAP kinase 
expression remained unaltered in these cells (Figure 6B), 
there was a significant reduction in JNK mRNA expres- 
sion (Figure 6C). We next examined whether reduced 
JNK phosphorylation might be a consequence of increased 
expression of a phosphatase. Expression of a MAP kinase 
phosphatase, MKP-1, was measured by Western blot in 
miR-708-transfected cells following r/z-TNF-a exposure. 
MKP-1 expression was significantly higher in cells trans- 
fected with miR-708 mimic compared to cells transfected 
with the scrambled sequence mimic (Figure 6D). These 
results suggest that decreased JNK MAP kinase phosphor- 
ylation caused by increased expression of MKP-1 may be 
involved in miR-708 regulation of CD38 expression in 
HASM cells. 
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Figure 3 Interaction of miR-708 with the 3'UTR of CD38. A: Predicted binding sites for miR-708 and miR-140-3p in 3'UTR of CD38. Shown 
are the mutated bases in the miR-708 target site of the 3'UTR of CD38. B: Relative luciferase activity in NIH-3 T3 cells co-transfected with 
reporter plasmid and different concentrations of miR-708 mimic (mimic) or scrambled sequence mimic (scr) at the highest concentration 
(n = 3, experiments in triplicate). Note significant reduction in luciferase activity following transfection with miR-708 mimic at all concentrations. 
C: Relative luciferase activity in cells co-transfected with reporter plasmid containing either wild-type (wild) or mutant (mut) CD38 3'UTR followed by 
transfection with 50 nM of miR-708 mimic (mimic) or scrambled sequence mimic (scr) (n = 3, experiments in triplicate). Note no inhibition of luciferase 
activity in cells co-transfected with mutant CD38 3'UTR. D: CD38 mRNA stability measured in growth-arrested HASM cells. Cells were transfected with 
50 nM miR-708 and exposed to rh-TNF-a in the presence of actinomycin D. At time points indicated, CD38 transcript levels were quantified by q-PCR 
(n = 2-5 donors). Graph shows plots of non-linear regression of mRNA decay over time for NA-HASM and AS-HASM cells, with the dotted lines indicating 
the best fit. Values are means ± SEM for results shown. 




ADP-ribosyl cyclase activity in NA-HASM cells. Cells (n = 3 donors) 
were co-transfected with equimolar concentrations of miR-708 and 
miR-140-3p, miR-708 mimic alone or the corresponding control scrambled 
sequence mimic at the indicated concentrations followed by exposure 
to 10 ng/ml rh-TNF-a (T) and measurement of ADP-ribosyl cyclase 
activity. Data represents mean ± SEM. Note that no additive effect was 
observed in cells transfected with equimolar concentrations of miR-708 
and miR-140-3p relative to miR-708 alone. 



In a prior study, we reported that regulation of CD38 
expression in HASM cells involves activation of PI3 
kinases [9]. Furthermore, PI3 kinase signaling is regulated 
by other miRNAs, including miR-708 [25]. Therefore, we 
measured levels of phosphorylated AKT, a molecule in 
the PI3 kinase signaling cascade, as well as levels of 
PTEN, a phosphatase that terminates PI3 kinase sig- 
naling. In cells transfected with miR-708 mimic, the 
level of phosphorylated AKT was significantly lower 
relative to cells transfected with the scrambled se- 
quence mimic (Figure 7A). Further, a significant reduc- 
tion was also noted in the expression of AKT2 
(Figure 7B), an isoform of AKT that has a 3'UTR bind- 
ing site for miR-708 [25]. In consistence with an over- 
all attenuation of PI3 kinase signaling in miR-708- 
mimic-transfected cells, there was a significant in- 
crease in PTEN expression compared to expression in 
cells transfected with the scrambled sequence mimic 
(Figure 7C). A similar increase in PTEN expression 
was observed in AS-HASM cells following miR-708 
mimic transfection compared to cells transfected with 
the scrambled sequence mimic (Figure 7D). 

Discussion 

The cell-surface protein CD38 is known to contribute 
to calcium regulation and contractility of ASM [4]. In 
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Figure 5 Effect of miR-708 transfection on ERK and p38 MAP kinase activation and expression in NA-HASM cells. Western blot analysis of 
cell lysates following transfection with 50 nM miR-708 mimic (mimic) or scrambled mimic (scr) and treatment with r/i-TNF-a for 20 min (for total and 
phosphorylated levels) or 24 h (for total expression levels) were performed with antibodies against phosphorylated and total ERK (A and B) as well as 
p38 (C and D), respectively. Note no significant change in expression of total or phosphorylated ERK (n = 5-6 donors) and p38 (n = 3-5 donors) following 
miR-708 mimic transfection. Each Western blot is a representative blot from a single donor. Values are means ± SEM for results shown. C-vehicle-treated 
cells (0.1%BSA);T- r/i-TNF-a (10 ng/ml) treated cells. 



prior investigations, we and others have shown that in 
ASM cells calcium release through ryanodine receptor 
channels in the sarcoplasmic reticulum during agonist 
stimulation involves cyclic ADP-ribose (cADPR) [4,26,27]. 
This involves the enzymatic activity of CD38, i.e., ADP- 
ribosyl cyclase, which converts (3-NAD to cADPR [2,28]. 
Furthermore, exposure of ASM cells to inflammatory 
cytokines results in significantly augmented CD38 expres- 
sion and cADPR-mediated intracellular calcium release [4]. 
These observations strongly implicate the CD38/cADPR 
pathway of calcium signaling in ASM hyperresponsiveness, 
a hallmark of asthma. CD38 deficient mice are also hypore- 
sponsive to inhaled methacholine following sensitization 
and challenge with allergen [7] as well as following chal- 
lenge with inhaled inflammatory cytokines [5,29]. These 
mice develop a robust airway inflammatory response 



following allergen or cytokine challenge, although ASM 
obtained from these mice exhibit significantly attenuated 
contractile responses to relevant airway spasmogens [29]. 
Furthermore, ASM cells obtained from CD38 deficient 
mice show attenuated intracellular calcium responses to 
spasmogens [6]. Together, these results indicate a signifi- 
cant role for CD38 in calcium signaling and contractility of 
ASM and AHR. Therefore, delineating the mechanisms 
that regulate its expression can lead to better understand- 
ing of changes in ASM function in diseases such as 
asthma. 

MiRNAs are known to play critical roles in the regula- 
tion of gene expression and in disease pathogenesis [24]. 
Recent studies have identified several miRNAs whose ex- 
pression in ASM cells is down-regulated by inflammatory 
cytokines [17,30,31]. There is also evidence for miRNA 
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Figure 6 Effect of miR-708 transfection on JNK MAP kinase signaling in NA-HASM cells. A and B: Western blot analysis of cell lysates 
following transfection with 50 nM miR-708 mimic (mimic) or scrambled sequence mimic (scr) was performed as described in Figure 5 to detect JNK MAP 
kinase after r/i-TNF-a treatment for 20 min (total and phosphorylated levels) (n = 4 donors) as well as total JNK expression after rh-TNF-a treatment for 24 h 
(n = 3 donors). Note significant down-regulation of JNK MAP kinase phosphorylation but no change in total JNK protein expression in mimic-transfected 
cells compared to cells transfected with scr. C: Total RNA extracted from cells transfected with mimic or scr and treated with rh-TNF-a (24 h) was analyzed 
for JNK mRNA expression by q-PCR (n = 3 donors). Note significant down-regulation of JNK expression by mimic. D: MKP-1 expression in cells transfected 
with mimic or scr and treated with rh-TNF-a for 24 h was examined by Western blot analysis (n = 5 donors). Note significant up-regulation of MKP-1 
expression in mimic-transfected cells compared to scr. Each Western blot is a representative blot from a single donor. Values are means + SEM for results 
shown. C-vehicle-treated cells (0.1% BSA); T-TNF-a (10 ng/ml) treated cells. 



regulation of ASM contractility [31] and relaxation [32] as 
well as ASM phenotype [30,33]. Increased ASM mass due 
to growth factor-driven ASM cell hypertrophy and hyper- 
plasia is also a feature of diseases such as asthma [34-37] 
and COPD [38]. Recent reports have identified the specific 
role of miR-221 and miR-lOa in the regulation of ASM 
proliferation [33,39]. It is interesting to note that miR-lOa 
targets two key signaling molecules involved in cell prolif- 
eration, i.e., PI3 kinase and ERK MAP kinase. MiR-lOa 
suppresses the expression of the catalytic subunit of PI3 
kinase, leading to decreased AKT phosphorylation. 

In this study, we identified miR-708 as a regulator of 
CD38 in HASM cells. We further characterized miR-708 
in HASM on the basis that its expression in HASM cells 
is regulated by the inflammatory cytokine r/z-TNF-a, 
which is elevated during allergic asthma [40,41], as well as 
its differential expression in cells from asthmatics versus 



non-asthmatics, and therefore its potential to regulate the 
expression of genes involved in signaling mechanisms 
regulating inflammation. We report that miR-708 down- 
regulates CD38 expression through mechanisms that 
involve direct binding to the 3'UTR as well as indirectly by 
regulating JNK MAP kinase and PI3 kinase signaling in 
HASM cells. Among the numerous potential CD38 3'UTR 
binding targets that we have identified, miR-708 and miR- 
140-3p [17] appear to play major roles in the regulation of 
CD38 expression in HASM cells. We also observed that 
transfection of cells with both miR-140-3p and miR-708 
has no additive or synergistic effects on CD38 enzymatic 
activity, suggesting that either miRNA is capable of 
independently regulating CD38 expression in HASM cells. 

In the current study, we have shown that over- 
expression of miR-708 through transfection causes in- 
creased PTEN expression and an associated decrease in 
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Figure 7 Effect of miR-708 transfection on PTEN/AKT signaling. A, B and C: NA-HASM cells were transfected with 50 nM miR-708 mimic 
(mimic) or scrambled sequence mimic (scr) and treated with rh-TNF-a for 2 h to measure total and phosphorylated AKT (n = 3 donors) or 24 h to 
measure AKT2 (n = 3 donors) and PTEN expression (n = 8 donors) by Western blot analysis of cell lysates. Note significant down-regulation of AKT 
phosphorylation and AKT2 expression and up-regulation of PTEN expression. D: PTEN expression in AS-HASM cells was higher (not significant) in samples 
from 3 of 4 donors. Each Western blot is a representative blot from a single donor. Values are means ± SEM for results shown. C-vehicle-treated cells 
(0.1% BSA); T-TNF-a (10 ng/ml) treated cells. 



AKT phosphorylation. PTEN expression in certain can- 
cers is regulated by miRNAs. A recent study reported 
that miR-221 and miR-222 inhibit PTEN expression by 
binding to the 3'UTR, while knockdown of these miR- 
NAs causes induction of PTEN expression [42]. PTEN 
expression in human hepatocellular cancer cells is also 
under the regulation of miR-21 [43]. Knockdown of 
miR-21 causes increased PTEN expression in these cells. 
Regulation of PTEN expression in these cancer cell lines 
by miRNAs has a direct effect on tumor cell prolifera- 
tion, migration and invasion. These studies suggest that 
miRNA regulation of PI3 kinase signaling in ASM cells 
by altering the expression of PTEN would have a pro- 
found impact on cell proliferation. In this context, a pre- 
vious study demonstrated that in ASM cells obtained 
from asthmatics, the PI3 kinase/ AKT pathway has a 
major contribution to cell proliferation [44]. However, in 
ASM cells obtained from non-asthmatics, cell prolifera- 
tion appears to be regulated by ERK MAP kinase signaling 
[44]. In the current study, we found that miR-708 also 



regulates the phosphorylation of JNK MAP kinase in 
NA-HASM cells. This effect appears to be a consequence 
of increased expression of MKP-1, a MAP kinase phos- 
phatase. Why this enhanced MKP-1 expression is not ac- 
companied by decreased phosphorylation of p38 and ERK 
MAP kinases is not clear. However, it is very likely that 
the expression of some of the upstream kinases involved 
in the p38 and ERK MAP kinase pathways may be in- 
creased, compensating for the increased MKP-1 expres- 
sion. It is worth noting that loss of PTEN in certain cancer 
cells results in increased JNK activation independent of 
AKT and implicating JNK as a component of the PTEN/ 
PI3 kinase signaling cascade [45] . Thus, it is likely that the 
decreased JNK MAP kinase phosphorylation observed 
in this study may stem from increased PTEN expres- 
sion. Decreased JNK activation in ASM cells has been 
shown to have an effect on CD38 expression through 
transcription factors NF-kB and AP-1 [8]. Our study 
also shows that ASM cells obtained from asthmatics 
have increased constitutive as well as r/z-TNF-a-induced 
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expression of miR-708 compared to expression in cells 
from non-asthmatics. The functional effect of increased 
miR-708 expression in these cells remains to be deter- 
mined. In a prior study, we reported a differential in- 
duction of CD38 expression in response to r/z-TNF-a 
treatment in ASM cells from asthmatics [20] although 
an enhanced half-life of CD38 transcript appears not 
to be an underlying mechanism for this differential 
induction. 

Conclusions 

In summary, this study provides evidence for miR-708 
regulation of CD38 expression in human ASM cells. 
This regulation stems from direct 3'UTR binding to the 
transcript as well as through regulation of signaling in- 
volving PI3 kinase and JNK MAP kinase pathways. The 
inhibition of PI3 kinase signaling by miR-708 involves 
induction of PTEN expression which is likely to have a 
significant impact on ASM cell proliferation and AHR, 
the latter through inhibition of expression of CD38 and 
potentially other pro-inflammatory genes. Our findings 
suggest the possibility that miR-708 can be used as a po- 
tential therapeutic strategy to inhibit ASM cell prolifera- 
tion and contractility. 

Abbreviations 

HASM: Human airway smooth muscle; AHR: Airway hyperresponsiveness; 
PTEN: Phosphatase and tensin homolog; UTR: Untranslated region; JNK-c: Jun 
N-terminal kinase; MAP kinase: Mitogen-activated protein kinase; MKP: 1-MAP 
kinase phosphatase 1; TNF-a: Tumor necrosis factor-a; PI3 
kinase: Phosphoinositide 3-kinase; ERK: Extracellular signal-regulated kinase. 

Competing interests 

The authors declare that they have no competing interest. 
Authors' contributions 

MD, JAJ and TFW performed all the experiments. MD drafted the 
manuscript. RAP prepared the human ASM cells and characterized their 
phenotype. MSK, SS, TFW, SPR and RAP helped analyze the data and 
their interpretation, helped conceive the study and with writing the 
manuscript. All authors read and approved the final manuscript. 

Acknowledgements 

This work was supported by grants from the National Institutes of Health 
(HL57498 to MSK and P01-HL1 14471 and P30-ES013508 to RAP) and grants 
from the Academic Health Center and College of Veterinary Medicine, 
University of Minnesota (to MSK). We thank Dr. Lihua Li and Ms. S. Aggarwal 
for help with some of the experiments. 

Author details 

department of Veterinary and Biomedical Sciences, College of Veterinary 
Medicine, 1971 Commonwealth Avenue, St. Paul, MN 55108, USA. 2 University 
of Pennsylvania Medical Center, Pulmonary, Allergy, & Critical Care Division, 
Translational Research Laboratories (TRL), 125 South 31st Street, TRL Suite 
1200, Philadelphia, PA 19104-3413, USA. department of Pharmacology, 
3-132 BS and BE, 312 Church St SE, Minneapolis, MN 55455, USA. 
department of Surgery, University of Minnesota, 1 1-212 Moos Tower (Mail 
code: MMC 195), 515 Delaware St, S.E, Minneapolis, MN 55455, USA. 5 Center 
of Excellence in Environmental Toxicology, University of Pennsylvania 
Medical Center, Pulmonary, Allergy, & Critical Care Division, Adjunct 
Professor, Wistar Institute, Translational Research Laboratories (TRL), 125 
South 31st Street, TRL Suite 1200, Philadelphia, PA 19104-3413, USA. 



Received: 2 July 2014 Accepted: 22 August 2014 
Published: 31 August 2014 

References 

1. Partida-Sanchez S, Randall TD, Lund FE: Innate immunity is regulated by 
CD38, an ecto-enzyme with ADP-ribosyl cyclase activity. Microbes Infect 
2003, 5:49-58. 

2. Lee HC: Enzymatic functions and structures of CD38 and homologs. 

Chem Immunol 2000, 75:39-59. 

3. Deshpande DA, White TA, Dogan S, Walseth TF, Panettieri RA, Kannan MS: 
CD38/cyclic ADP-ribose signaling: role in the regulation of calcium 
homeostasis in airway smooth muscle. Am J Physiol Lung Cell Mol Physiol 
2005, 2881773-L788. 

4. Deshpande DA, Walseth TF, Panettieri RA, Kannan MS: CD38/cyclic 
ADP-ribose-mediated Ca2+ signaling contributes to airway smooth 
muscle hyper-responsiveness. F AS EB J 2003, 17:452-454. 

5. Guedes AG, Paulin J, Rivero-Nava L, Kita H, Lund FE, Kannan MS: CD38- 
deficient mice have reduced airway hyperresponsiveness following IL-13 
challenge. Am J Physiol Lung Cell Mol Physiol 2006, 291 :L1 286-L1 293. 

6. Deshpande DA, White TA, Guedes AG, Milla C, Walseth TF, Lund FE, Kannan 
MS: Altered airway responsiveness in CD38-deficient mice. Am J Respir 
Cell Mol Biol 2005, 32:149-156. 

7. Gaily F, Hartney JM, Janssen WJ, Perraud AL: CD38 plays a dual role in 
allergen-induced airway hyperresponsiveness. Am J Respir Cell Mol Biol 
2009, 40:433-442. 

8. Tirumurugaan KG, Jude JA, Kang BN, Panettieri RA, Walseth TF, Kannan MS: 
TNF-alpha induced CD38 expression in human airway smooth muscle 
cells: role of MAP kinases and transcription factors NF-kappaB and AP-1. 

Am J Physiol Lung Cell Mol Physiol 2007, 29211 385-L1 395. 

9. Jude JA, Tirumurugaan KG, Kang BN, Panettieri RA, Walseth TF, Kannan MS: 
Regulation of CD38 expression in human airway smooth muscle cells: 
role of class I phosphatidylinositol 3 kinases. Am J Respir Cell Mol Biol 
2012, 47:427-435. 

10. Barata H, Thompson M, Zielinska W, Han YS, Mantilla CB, Prakash YS, Feitoza 
S, Sieck G, Chini EN: The role of cyclic-ADP-ribose-signaling pathway in 
oxytocin-induced Ca2+ transients in human myometrium cells. 
Endocrinology 2004, 145:881-889. 

1 1 . Dogan S, Deshpande DA, Kannan MS, Walseth TF: Changes in CD38 
expression and ADP-ribosyl cyclase activity in rat myometrium during 
pregnancy: influence of sex steroid hormones. Biol Reprod 2004, 
71:97-103. 

12. Fritz N, Macrez N, Mironneau J, Jeyakumar LH, Fleischer S, Morel JL: 
Ryanodine receptor subtype 2 encodes Ca2+ oscillations activated by 
acetylcholine via the M2 muscarinic receptor/cADP-ribose signalling 
pathway in duodenum myocytes. J Cell Sci 2005, 1 18:2261-2270. 

13. Kim SY, Cho BH, Kim UH: CD38-mediated Ca2+ signaling contributes to 
angiotensin ll-induced activation of hepatic stellate cells: attenuation of 
hepatic fibrosis by CD38 ablation. J Biol Chem 2010, 285:576-582. 

14. Chini EN, De Toledo FG, Thompson MA, Dousa TP: Effect of estrogen upon 
cyclic ADP ribose metabolism: beta-estradiol stimulates ADP ribosyl 
cyclase in rat uterus. Proc Natl Acad Sci USA] 997, 94:5872-5876. 

15. Abcejo AJ, Sathish V, Smelter DF, Aravamudan B, Thompson MA, Hartman 
WR, Pabelick CM, Prakash YS: Brain-derived neurotrophic factor enhances 
calcium regulatory mechanisms in human airway smooth muscle. 
PLoS One 2012, 7:e44343. 

16. Kuemmerle JF, Makhlouf GM: Agonist-stimulated cyclic ADP ribose: 
endogenous modulator of Ca(2+)-induced Ca2+ release in intestinal 
longitudinal muscle. J Biol Chem 1995, 270:25488-25494. 

17. Jude JA, Dileepan M, Subramanian S, Solway J, Panettieri RA Jr, Walseth TF, 
Kannan MS: miR-140-3p regulation of TNF-alpha-induced CD38 
expression in human airway smooth muscle cells. Am J Physiol Lung Cell 
Mol Physiol 201 2, 3031460-L468. 

18. Vanhaesebroeck B, Waterfield MD: Signaling by distinct classes of 
phosphoinositide 3-kinases. Exp Cell Res 1999, 253:239-254. 

19. Li X, Tupper JC, Bannerman DD, Winn RK, Rhodes CJ, Harlan JM: 
Phosphoinositide 3 kinase mediates Toll-like receptor 4-induced 
activation of NF-kappa B in endothelial cells. Infect Immun 2003, 
71:4414-4420. 

20. Jude JA, Solway J, Panettieri RAJ, Walseth TF, Kannan MS: Differential 
induction of CD38 expression by TNF-{alpha} in asthmatic airway smooth 
muscle cells. Am J Physiol Lung Cell Mol Physiol 2010, 2991879-L890. 



Dileepan et al. Respiratory Research 2014, 15:107 
http://respiratory-research.eom/content/15/1/107 



Page 12 of 12 



21. 



22. 



23. 



24. 



25. 



26. 



27. 



29. 



30. 



32. 



33. 



34. 



35. 



36. 



37. 



39. 



40. 



41. 



42. 



43. 



Tirumurugaan KG, Kang BN, Panettieri RA, Foster DN, Walseth TF, Kannan 
MS: Regulation of the cd38 promoter in human airway smooth muscle 
cells by TNF-alpha and dexamethasone. Respir Res 2008, 9:26. 
Abramoff MD and MPaRS: Image Processing with ImageJ. Bio-photonics Int 
2004, 11:36-42. 

Montgomery RL, Van Rooij E: Therapeutic advances in MicroRNA 

targeting. J Cardiovasc Pharmacol 201 1, 57:1-7. 

Bartel DP: MicroRNAs: target recognition and regulatory functions. 

Ce//2009, 136:215-233. 

Saini S, Majid S, Shahryari V, Arora S, Yamamura S, Chang I, Zaman MS, 

Deng G, Tanaka Y, Dahiya R: miRNA-708 control of CD44(+) prostate 

cancer-initiating cells. Cancer Res 2012, 72:3618-3630. 

Du W, Stiber JA, Rosenberg PB, Meissner G, Eu JP: Ryanodine receptors in 

muscarinic receptor-mediated bronchoconstriction. J Biol Chem 2005, 

280:26287-26294. 

Kip SN, Smelter M, lyanoye A, Chini EN, Prakash YS, Pabelick CM, Sieck GC: 
Agonist-induced cyclic ADP ribose production in airway smooth muscle. 

Arch Biochem Biophys 2006, 452:102-107. 

White TA, Johnson S, Walseth TF, Lee HC, Graeff RM, Munshi CB, Prakash YS, 
Sieck GC, Kannan MS: Subcellular localization of cyclic ADP-ribosyl cyclase 
and cyclic ADP-ribose hydrolase activities in porcine airway smooth 
muscle. Biochim Biophys Acta 2000, 1498:64-71. 

Guedes AG, Jude JA, Paulin J, Kita H, Lund FE, Kannan MS: Role of CD38 in 
TNF-alpha-induced airway hyperresponsiveness. Am J Physiol Lung Cell 
Mol Physiol 2008, 2941290-L299. 

Kuhn AR, Schlauch K, Lao R, Halayko AJ, Gerthoffer WT, Singer CA: 
MicroRNA expression in human airway smooth muscle cells: role of 
miR-25 in regulation of airway smooth muscle phenotype. Am J Respir 
Cell Mol Biol 2010, 42:506-513. 

Chiba Y, Tanabe M, Goto K, Sakai H, Misawa M: Down-regulation of 
miR-133a contributes to up-regulation of Rhoa in bronchial smooth 
muscle cells. Am J Respir Crit Care Med 2009, 180:713-719. 
Wang WC, Juan AH, Panebra A, Liggett SB: MicroRNA let-7 establishes 
expression of beta2-adrenergic receptors and dynamically down- 
regulates agonist-promoted down-regulation. Proc Natl Acad Sci USA 
2011, 108:6246-6251. 

Hu R, Pan W, Fedulov AV, Jester W, Jones MR, Weiss ST, Panettieri RA Jr, 
Tantisira K, Lu Q: MicroRNA-10a controls airway smooth muscle cell 
proliferation via direct targeting of the PI3 kinase pathway. FASEB J 2014, 
28:2347-2357. 

Howarth PH, Knox AJ, Amrani Y, Tliba O, Panettieri RA Jr, Johnson M: 
Synthetic responses in airway smooth muscle. J Allergy Clin Immunol 
2004, 114:S32-S50. 

Martin JG, Duguet A, Eidelman DH: The contribution of airway smooth 
muscle to airway narrowing and airway hyperresponsiveness in disease. 

Eur Respir J 2000, 16:349-354. 

Chen G, Khalil N: TGF-beta1 increases proliferation of airway smooth 
muscle cells by phosphorylation of map kinases. Respir Res 2006, 7:2. 
Al Heialy S, Risse PA, Zeroual MA, Roman HN, Tsuchiya K, Siddiqui S, Laporte SA, 
Martin JG: T cell-induced airway smooth muscle cell proliferation via the 
epidermal growth factor receptor. Am J Respir Cell Mol Biol 201 3, 49:563-570. 
Yeganeh B, Mukherjee S, Moir LM, Kumawat K, Kashani HH, Bagchi RA, 
Baarsma HA, Gosens R, Ghavami S: Novel non-canonical TGF-beta 
signaling networks: emerging roles in airway smooth muscle phenotype 
and function. Pulm Pharmacol Ther 2013, 26:50-63. 
Perry MM, Baker JE, Gibeon DS, Adcock IM, Chung KF: Airway smooth 
muscle hyperproliferation is regulated by MicroRNA-221 in severe 
asthma. Am J Respir Cell Mol Biol 2014, 50:7-1 7. 
Heffler E, Berry M, Pavord ID: Tumor necrosis factor-alpha: a promising 
therapeutic target for asthma? BioDrugs 2007, 21:345-349. 
Cazzola M, Polosa R: Anti-TNF-alpha and Th1 cytokine-directed therapies for 
the treatment of asthma. Curr Opin Allergy Clin Immunol 2006, 6:43-50. 
Chun-Zhi Z, Lei H, An-Ling Z, Yan-Chao F, Xiao Y, Guang-Xiu W, Zhi-Fan J, 
Pei-Yu P, Qing-Yu Z, Chun-Sheng K: MicroRNA-221 and microRNA-222 
regulate gastric carcinoma cell proliferation and radioresistance by 
targeting PTEN. BMC Cancer 2010, 10:367. 

Damania P, Sen B, Dar SB, Kumar S, Kumari A, Gupta E, Sarin SK, Venugopal SK: 
Hepatitis B virus induces cell proliferation via HBx-induced microRNA-21 in 
hepatocellular carcinoma by targeting programmed cell death protein4 
(PDCD4) and phosphatase and tensin homologue (PTEN). PLoS One 
2014, 9:e91745. 



44. 



45. 



Burgess JK, Lee JH, Ge Q, Ramsay EE, Poniris MH, Parmentier J, Roth M, 
Johnson PR, Hunt NH, Black JL, Ammit AJ: Dual ERK and phosphatidylinositol 
3-kinase pathways control airway smooth muscle proliferation: differences 
in asthma. J Cell Physiol 2008, 216:673-679. 

Vivanco I, Palaskas N, Tran C, Finn SP, Getz G, Kennedy NJ, Jiao J, Rose J, 
Xie W, Loda M, Golub T, Mellinghoff IK, Davis RJ, Wu H, Sawyers CL: 
Identification of the JNK signaling pathway as a functional target of the 
tumor suppressor PTEN. Cancer Cell 2007, 1 1:555-569. 



doi:1 0.1 1 86/s1 293 1 -014-01 07-0 

Cite this article as: Dileepan et al.: MicroRNA-708 regulates CD38 
expression through signaling pathways JNK MAP kinase and PTEN/AKT 
in human airway smooth muscle cells. Respiratory Research 2014 15:107. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



